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A hot  spot  of  laser  plasma  is  surrounded  by  extensive  region  of  weakly  ionized  gas  and  the  elec- 
tron conductivity  in  background  cold  plasma  is  main  reason  for  plasma  electrons  cooling. 


1.  Introduction 

The  possibility  of  developing  a x-ray  recombination  laser 
by  intense,  ultrashot  laser  pulse  has  been  considered  in 
many  papers  [1-3].  But  a residual  energy  is  determining 
by  above-threshold  ionization  and  inverse-bremssrahlung 
heating  may  be  significant.  Cooling  is  usually  achieved 
either  by  hydrodynamic  expansion  or  by  radiative  cool- 
ing. A hot  spot  of  laser  plasma  is  surrounded  by  exten- 
sive region  of  weakly  ionized  gas.  Our  calculations 
indicate  that  the  main  channel  of  a plasma  electrons 
cooling  of  a hot  spot  is  electron  conductivity  in  back- 
ground cold  plasma. 

2.  Radiative  cooling  of  laser  plasma  spot 

Let  us  estimate  the  time  of  radiative  cooling  for  high 
residual  energy  of  electrons  after  laser  pulse. 

The  energy  withdraw  from  the  electron  component  due 
to  bremsstrahlung  is  expressed  as  [4] 

Qbs= 1.54x1 0'32z2Tell2NiNe  W/cm3' 

The  energy  loss  due  to  photorecombination  is  expressed 
as  [5] 

Qpr=5.xl03,z4T;"2NiNe  W/cm3. 

The  ratio  of  specific  powers  of  bremsstahlung  and  pho- 
torecombination radiation  is  QbJQpr-TJSOz ?.  For  z-7 
and  Te<l  keV  photorecombination  radiation  is  predomi- 
nant over  bremsstrahlung  radiation.  At  first  let  us  con- 
sider a low  electron  density  case 

Ne<Ncpr=3.1xlOl3Te3J5lz  cm'3, 
where  photorecombination  is  predominant  collisional 
ion-electron  recombination  [6].  For  z=7  and  Ne-2xl&0 
cm'3  the  electron  temperature  Te  pr=50  eV  is  lower 
bound  of  the  low  electron  density  case.  The  time  of 
electron  cooling  due  to  photorecombination  at  initial 
electron  temperature  Te=100  eV  is  Tphrec-3T JN J2 Qpr- 1 
ns,  the  time  cooling  from  1 keV  is  Tph.rec=30  ns.  Thus  the 
cooling  due  to  bremsstahlung  and  photorecombination 
radiation  in  not  effective  to  create  overcooled  plasma 
with  z»l . 

3.  Overcooling  by  electron  conductivity 

We  shall  consider  the  problem,  from  which  it  is  possible 
to  determine  time  dependence  of  hot  spot  temperature 
due  electron  conductivity  in  surround  weakly  ionized 
gas. 


Suppose,  that  hot  spot  of  plasma  is  surrounded  by  cold 
plasma.  Assume,  that  a cold  surrounded  plasma  has  a 
mean  ion  charge  z0,  electron  temperature  T0«Tniax  , 
density  if  ions  Nj  in  hot  spot  and  surround  plasma  are 
equal.  Let  the  hot  spot  of  laser  plasma  has  radius  r0  , 
electron  temperature  Tmax , mean  ion  charge  Zmux-  Propa- 
gation of  heating  wave  is  described  by  equation 

dT  1 d , , dT. 

— = — — (r*— ), 
dt  r dr  dr 

where  s=0,  1 , 2 for  plane,  cylindrical  and  spherically 
symmetric  cases.  A temperature  conductivity  coefficient 
may  be  writing  as  ^=07*,  for  the  electron  conductivity 
n=5!2 . Let  background  electron  temperature  is  T0=0  and 
instantaneous  thermal  energy  put  in  point  r=0  at  time 
t=0. 

In  spherical  symmetry  case  s=2  the  solution  depends 
from  self  similar  variable  § =r/(aQnt),l(3n+2)  and  this 
solution  is  T(^)=Tc[l-(r!rff]I/n , where  thermal  heating 
front  radius  is  rj=^(aQnt)II<3n+2\  Tc  - temperature  at 
center,  constant  f/  ~/  , a temperature  source  constant 
Q=frdV  [6],  A mean  temperature  of  electrons  in  volume 
inside  heating  wave  r<iy  is  Tp!  =3Ql4n  rf  and  one  little 
differents  from  temperature  in  center  Tc  [6].  Therefore 
for  estimation  of  Tc  value  we  will  consider 
Tc~(Q2'3latfl<3n+2>  ~ t6"9 

The  validity  of  this  model  is  districted  by  condition  T0< 
Tc<  Tmax.  Here  Q is  a temperature  source  constant 

Q=47tZmaxNir0  Tmax  l3Zo  > 

a coefficient  electron  temperature  conductivity  at  Zo~l  is 
X~2Kel3Ne^6.32TeTelmc,  where  Kc  is  the  thermal  electron 
conductivity,  Te=3.5xl04Te3l2/(Afl0)z20Ni  sek  is  the  time 
between  electron  collisions,  A - Coulomb  logarithm  [7], 
When  rjCr0 , the  self  similar  solution  is  not  correct.  In 
this  case  we  can  use  the  estimation  for  #y  as  rf= 
r0+(Xt)112-  Therefore  for  Tc  value  we  will  consider 
Tpi  =3Q/47t(rf3 +(  zmJ  Zo-1)  r03)  = 

— ZmaxTmax  f(rflr0  +zmax/  Zo-1). 

In  cylindrical  symmetry  case  s=2  for  Tc  estimation  we 
will  consider 

Tc~(Qlat)1,n+2  ~f2,79 

where  Q=7tr02  zmax  Tntax  izo  * When  rpcr0 , we  will  esti- 
mate rf  as  r^=  r0+(xt)112  and  for  mean  plasma  tem- 
perature have 

Tpi  = Qi7i(r2+(  zmJ  Zo-1 ) r02)  = 

= ZmaxTmax  Krf  l? 0 +ZmJ  ZO’l  )• 

Plasma  temperature  depends  from  time  as  Tc  ~ t ' 61 19  for 
spherical  symmetry  and  as  Tc  ~ t '2I7  for  cylindrical 
symmetry  case.  Space  picture  of  plasma  spot  may  be 
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very  complex  in  real  experiment.  Simple  formula  for 
Tc(i)  allows  to  estimate  a temperature  with  good  accu- 
racy. 

Table  presents  same  results  of  calculation  [8].  A hot 
spot  plasma  parameters  r0  , Tmax  , Zmax  and  surround 
plasma  parameter  zo  are  taken  from  experiments  for 
nitrogen  [9],  neon  [2]  and  helium  [10].  Calculations  1- 
12  are  for  nitrogen,  1-8  in  spherical  symmetry  and  9-12 
in  cylindrical  symmetry,  the  electron  density  in  hot  spot 
is  Ne=2x]tf°  cm'3  and  2^=7.  Calculations  13-18  are 
for  neon  in  cylindrical,  electron  density  in  hot  spot  is 

cm'3  , zmax-l0  . Calculations  19-23  are  for 
helium  in  cylindrical  symmetry,  electron  density  in  hot 
spot  is  Nc=6xl019  cm’3 , ^far=2. 

Recent  studies  have  extended  the  validity  of  the  electron 
conductivity  equation  in  collisionless  limit  by  using  non 
local  transport  coefficients  [11,12].  It  makes  possible 
using  of  the  simple  self  similar  solution  in  a weakly 
collisional  regime. 

4.  Ionization  cooling  in  heating  wave 

The  velocity  of  heating  wave  is  rapidly  decreased  after 
30-100  Jim  in  our  plasma  parameters  of  a hot  spot  and  a 
background  plasma.  The  ionization  of  surrounded  gas  by 
electron  impact  is  a next  possible  cause  of  the  hot  spot 
cooling.  For  example,  the  time  of  ionization  is 
Tion=l/0iOnNave  «10  ps  and  this  time  corresponds  to  the 
time  of  ionization  cooling  in  heating  wave. 

5.  Conclusion 

The  results  of  the  estimations  and  calculation  permit  to 
do  the  following  conclusion.  The  main  reason  of  plasma 
electrons  cooling  of  a hot  spot  of  laser-produced  mul- 
ticharged  ion  plasma  is  electron  conductivity  in  back- 
ground cold  plasma. 
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